INTRODUCTION
Symbiotic (bacteriogenic) light organs associated with the ink sac and intestine are known in two representatives of the decabrachian families: Sepiolidae (order Sepiolida) and Loliginidae (order Teuthida). These luminescent organs are used for the production of light ventral to the squid mantle cavity, otherwise known as counter-illumination (Young 1977) . A similar organ exists in Chtenopteryx, a very peculiar teuthid squid that is thought to be closely related to the Loliginidae (Young 1991) . Among the oceanic teuthid squids living at epi-and mesopelagic levels, so-called anal light organs of similar overall aspects occur but apparently never house symbiotic luminous bacteria (Herring 1977) .
Basic components of bacteriogenic light organs in the Sepiolidae and Loliginidae are (a) the crypts formed from ectodermic invaginations during embryonic development, ultimately housing the luminescent bacteria ; (b) the mesodermally derived lens tissue covering the ventrolateral surface located on either side around the pore leading into the duct of the light organ (Montgomery and McFall-Ngai 1992; Weis et al. 1993) ; and (c) the mesodermally derived reflector formed by the ventral lining of the ink sac (Meyer 1906) . These tissues, when fully developed, are poised to receive luminous bacteria from the environment within the first few hours after hatching (McFall-Ngai and Ruby 1991) . The colonization of the light organ complex is highly specific; that is, only symbiotically competent strains of bacteria from the genera Vibrio (V. fischeri or V. logei) or Photobacterium (P. leiognathi) can colonize the light organ of host squids (Fidopiastis et al. 1998; Nishiguchi 2002a,b) . Once the light organ contains the symbiotic bacteria, it is fully functional for emission of luminescence. Naef (1923) previously hypothesized on the likely homologous evolutionarily derived anatomical relationship of bacterial light organs with the so-called accessory nidamental glands (ANG). However, several variants raise new questions regarding the respective morphogenesis of these two complexes. In Semirossia these variants range from a bilateral through a unilateral connection to ANG, or no connection to ANG, to a connection with supposedly ANG-homologous structures in males (Boletzky 1970) . Given this, we hope to elucidate the possible origin(s) of bacteriogenic light organs by
comparing morphological similarities among representative genera. To that end, we also examine the phylogenetic relationships among closely related taxa with and without bacteriogenic light organs. We ultimately hope to shed light on the morphological diversification and functional co-option of this dynamic complex among the Cephalopoda.
METHODS

Morphology
Serial sections (7 mm) of Semirossia spp. and Sepiola spp. were obtained by sectioning paraffin-embedded specimens that were preserved in 70% ethanol after fixation in 10% formalin (Semirossia spp., the original specimens described in Boletzky 1970) or Bouin's fixative (Sepiola spp.). Standard methods of histological staining (Azan, Masson's trichrome) and mounting (Entellan/Merck) were used. The sections were observed under a light microscope (Leitz) at 25 Â objective magnification, and sections of embryonic stages of Sepiola ligulata were drawn using a camera lucida (Leitz drawing arm).
DNA isolation, sequencing, and phylogenetic analyses
All squids used in the phylogenetic analyses had been previously collected at various localities or tissues were donated from various sources (Table 1) . Approximately 25 mg of squid tissue was removed from either gill or mantle of each animal. DNA was then isolated from the tissue using the Qiagen DNAeasy Isolation kit (Qiagen, Valencia, CA, USA). Once the DNA was isolated, 1-10 ng was used for polymerase chain reaction (PCR) amplifications. For the analysis, four different loci were used: a partial sequence from the mitochondrial 12S rRNA, 16S rRNA, and the entire cytochrome c oxidase subunit I locus (COI), and a portion of the nuclear 28S rRNA. Each primer set was used to amplify each of the four loci (Table 2A) . These loci were chosen specifically for resolving relationships between sepiolid taxa because previous analyses have shown that they provide the most resolution for this family of squids (Nishiguchi et al. 1998; Nishiguchi 2001) . All PCR amplifications were performed in two thermocyclers (Perkin Elmer 9700, Applied Biosystems, Valencia, CA, USA; and an MJ Research Dyad, Waltham, MA, USA). Programs used to amplify the four loci were very similar with only slight variations in annealing temperature and number of cycles (Table 2B) . Some variation shown in Table 2B for the 28S rRNA locus is due to the fact that some species were more difficult to amplify than others (thus, the annealing temperature was decreased and number of cycles was increased for those species). Each of the 50-ml PCR reactions contained 1-10 ng of DNA template, 0.2 mM of each primer (forward and reverse), 2.5 mM of magnesium chloride, 200 mM of each dNTP, 1 Â buffer (10 mM Tris-HCl, pH 9.0, 50 mM KCl, and 0.1% Triton X-100), and 0. 
Phylogenetic analysis
Sequence data were analyzed using the direct optimization method described by Wheeler (1996) and implemented in the computer program POY (Wheeler et al. 2002) . The four molecular partitions were analyzed independently and combined directly, with all characters weighted equally (transitions/transversion/indel costs) without regard to source. These data sets are referred to as 12S (12S rRNA data set alone), 16S (16S data set alone), COI (COI data set alone), 28S (28S rRNA data set alone), and molecular (12S116S1COI128S). The tree search strategy adopted combined spr and tbr branch swapping on the best of 50 random addition replicates (-random 50), holding 100 trees per round (-maxtrees 100) and performing one round of tree-fusing (Goloboff 1999) . The commands -slop 5 and -checkslop 10 were used. These commands are intended to check all cladogram lengths that are within ''n'' tenths of a percent of the current minimum value. A slop value of 10 would check all cladograms found within 1% of the minimum tree length. This option slows down the search but is less affected by the heuristics of the tree length calculation shortcuts. Nodal support was evaluated via jackknifing for 1000 replicates. The ''implied alignments'' obtained with POY were checked with PAUP Ã 4b (Swofford 2002 ) and identical tree lengths obtained.
RESULTS
Comparative morphology of bacteriogenic light organs
The three components of bacteriogenic light organs mentioned in our introduction show varying patterns of arrangement and overall outline depending on genera and species. The ontogenetic origin of the light organ can best be visualized by observing the invagination of the first pair of crypts in an embryo of, for example, Sepiola ligulata ( Fig. 1) . This invagination appears at the earliest conceivable stage of morphogenesis. Indeed, the small volume of embryonic tissue available at this site virtually excludes the achievement of an ectodermic invagination by stage XIV (Fig. 1A) . The considerable enlargement of the mesodermic cell mass lying on either side of the hindgut-ink sac complex, occurring between stage XIV and XV, then provides the physical prerequisite for a rearrangement of the mesodermic cells that must give way to the invaginating ectoderm to form the first pair of crypts. The blind ends of these crypts come to lie close to the flexure between the tubular hindgut and the ink sac rudiment, which begins to form secondary diverticula (Fig.  1B) . When placing emphasis on this obvious morphogenetic 
constraint on the onset of crypt formation, one has to recall that the (originally tubular) ink sac rudiment is an integral part of the mesendodermic midgut complex, forming a diverticulum of the prospective hindgut (Boletzky 1988) . In other words, at that stage there is no invagination other than the first crypts. Additional crypts are subsequently formed by similar invaginations (Foster et al. 2002) . The bilateral symmetry of the whole complex is barely recognizable in the sepiolid genera Rondeletiola and Sepiolina, where light organs are rounded and fused. Fusion of the two parts of the light organ across the middle plane was also observed in several specimens of Semirossia. Strongly differentiated surface structures involving the anterior and posterior ends of the lens on either side exist in the sepiolid subfamily Sepiolinae (Foster et al. 2002) , in contrast to the round form observed in Rondeletiola (Naef 1923) , Sepiolina, and Semirossia (Boletzky 1970) . The pore leading into the united ducts of the crypts on either side is surrounded by an elevated rim that forms a very distinct papilla, especially in Semirossia (Boletzky 1970) . In some individuals among representatives of this genus, the papilla was found to be elongated into a short tube (male) or into a long tube that opens into the ANG (female). In one female S. tenera such a tube was observed on one side, whereas on the other side the Morphogenesis of bacteriogenic light organs and of ''ANGs''
Differentiation of sepiolid light organs is initiated by the serial invagination of ectodermic zones (Fig. 1 ) that form paired crypts, which become arranged in a bilaterally symmetrical organ, the pores of each side being pulled together (one definitive pore on each side; Foster et al. 2002) . The so-called ANGs are formed by similar but more numerous ectodermic invaginations (Lemaire 1972) forming long tube-shaped crypts, which later take up nonluminous bacteria (Bloodgood 1977; Kaufman et al. 1998) . In females, the ANGs are closely associated with the actual nidamental glands (Fig 2) . In males, they remain rudimentary or (more generally) are lacking altogether (the question remains unanswered for the ''epirenal bodies'' in Neorossia, cf. Boletzky 1971).
Phylogenetic analyses
The phylogenetic analysis of all data analyzed in combination suggests that the parameter set that minimizes incongruence among partitions is that which assumes equal weights for all transformations (ILD 5 0.0242). A single tree of length 4046 was found in 65% of the replicates (Fig. 3, left) ; the strict consensus of the four parameter sets analyzed is also shown (Fig. 3, right) . These trees clearly show monophyly of the family Sepiolidae, which receives a jackknife support value of 86% and is stable to parameter variation. The basic identical pattern underlying the anatomical complexity and the positional relation of the symbiotic light organ to the ink sac suggests a common phylogenetic origin (Fig. 1B) . For the family Sepiolidae, inferring a common ancestor that had a symbiotic light organ raises no major problem, because the known genera lacking such an organ (Rossia and Sepietta, see taxa in red, Fig. 3 ) are likely derived from forms in which differentiation of the light organ was secondarily suppressed. Considering the morphogenetic onset (Fig. 1B) , it is easy to imagine a modification entailing a blockade of crypt formation, so that the tissue complex associated with the hindgut and ink sac remains in a situation as that found at stage XIV (Fig. 1A) . This is supported by our most parsimonious phylogeny where both Sepietta and Rossia are clearly grouped within clades of light organ containing sepiolids (Fig. 3) , this result being supported under all analytical parameters explored here. The ''Rondeletiola minor clade,'' which contains all Sepietta species, Sepiola ligulata, and R. minor, provides phylogenetic evidence that the light organ was lost in extant Sepietta (Fig.  3, left) ; however, support for such clade is low. The node that contains Rossia and Semirossia (72% jackknife support and stable to parameter variation) is sister to part of the Heteroteuthinae, inferring a loss of light organs in the genus Rossia. Sepiola ligulata, one of the ''true endemics'' (Mangold and Boletzky 1988) of the Mediterranean Sepiolidae, did not cluster with the rest of the species of Sepiola but rather is an outlier within the entire Sepiola/Sepietta/Rondeletiola cluster, the fact that this clade is not stable or well supported. The position of S. birostrata as sister to E. morsei is surprising from a morphological standpoint (100% jackknife support; parameter independent). Additional sampling of Sepiola species in the Pacific will help determine whether S. birostrata is found isolated from other Sepiola species and whether the genus Sepiola is indeed polyphyletic. As for other taxa that represent outgroups to the Sepiolidae, some resolution for these species was determined by our analyses from the consensus tree. Our analyses do show that for the most parsimonious tree, both loliginid species are sister to each other (86% jackknife support), and this clade is most closely related to Idiosepius (54% support). As to the Loliginidae, the presence of symbiotic light organs in species of Photololigo and possibly other genera (Pringgenies and Jorgensen 1994) Fig. 3 . Phylogeny of representative Sepiolidae species and selected outgroups (for reference). Sepiolid taxa in red have no light organs. After a combined analysis of four loci (mtCOI, mt12S, mt16S rRNA, and partial sequence of the nuclear 28S rRNA, total approximately 2.4 kb) using direct optimization as implemented in POY (Wheeler et al. 2002) . We analyzed six parameter sets varying the relative weights of insertion/deletion events and of base transformations. The tree on the left represents the best hypothesis using the parameter set that minimizes incongruence among all gene partitions (for all transformation receiving equal weights). On the right, a more conservative hypothesis, the strict consensus of all parameter sets examined, is presented, with all the nodes in this tree indicating parameter independence. Numbers on branches (left tree) indicate jackknife proportions (branches with no value have jackknife valueso50%).
also suggests the presence of such light organs in an ancestral loliginid and subsequent loss of the organs in derived forms (Loligo/P. noctiluca clade).
DISCUSSION
Morphology and organogenesis of the light organ
Organogenesis of bacteriogenic light organs raises several questions regarding the acquisition of bacteria at the outset of the association, as well as the formation of an organ complex that has a specific function (such as light production). First, how do bacteria evolve specificity for particular groups of tissues, and second, how does the tissue(s) respond to the presence of these bacteria to produce a specialized milieu? Initially, a primitive ANG may have been the pacemaker for establishment of a bacterial association, from which two specialized complexes could then evolve, but the inverse (i.e., light organ function first, ANG second) cannot be excluded. Indeed, the embryological data ( Fig. 1 ) would seem to suggest that the light organ came first, because it is formed long before a rudiment of an ANG (or ANG relic in males) is recognizable. But this sequence of morphogenetic events is no proof, because heterochronic shifts may have changed an originally different order in the course of evolution. For what we can be certain of, there is compelling evidence that such an association exists in the extant ANG in a wide variety of decabrachian species, especially (though not only) in females. The presence of bacteria in nidamental jellies (Biggs and Epel 1991; Barbieri et al. 2001 ) emphasizes the female-related function of the ANG, but there is no reason to entirely exclude an originally similar function in males that may have disappeared more or less completely. Examples of Rondeletiola (Naef 1923) and Semirossia (Boletzky 1971) seem to emphasize a developmental connection, but unfortunately we do not yet know the embryonic development of these two genera. Obtaining eggs to study the embryos of at least one representative is the next step to understanding the morphogenetic course of organ diversification.
Colonization of bacteria from the ANG
Whatever the answer to the above question, one has to address the following problem: How can colonization from a large pool of bacteria lead to a monotypic (i.e., one species or strain) association in such a developed organ complex? Could this also mean that less specific bacterial colonization of ANG crypts reflects a more permissive relationship? Because ANG crypts have over 20 isolates of bacteria present (Kaufman et al. 1998; Grigioni et al. 2000) , there is little reason to suspect that this organ complex's function is dependent on the presence of only one of many species. Also, whether the entire population of ANG bacteria is transmitted vertically or environmentally may direct the evolution of specificity in these bacteria (Nishiguchi et al. 1998; Nishiguchi 2002a) . In contrast, advanced light organ morphogenesis is dependent on only one strain of bacteria that is transmitted environmentally. Although this association is highly specific, somehow each symbiont has evolved a particular signature that distinguishes itself from all others (Nishiguchi 2001 (Nishiguchi , 2002b . Evolution of the specificity is probably a consequence of an immunological host response that only allows the colonization of a few types of bacteria that have adapted to this particular habitat, namely the light organ. If bacterial adaptation has occurred in the light organ or similar tissues (environmental response), the change would be in either recognition of specific type(s) of receptor(s) (i.e., mannose or other glycosylated residues; McFall-Ngai et al. 1998 ) or use of adhesins or pili to attach to the surrounding tissues (Stabb and Ruby 2003) . These evolutionary changes, once in place, would allow only certain types of bacteria to not only colonize but also out-compete other bacteria that have not undergone these specific adaptations. What is selecting for these types of characteristics that allow increased fitness of bacteria in the light organ or other bacteriogenic tissues has yet to be discovered.
Evolution of autogenic versus bacteriogenic light organs
How then did the tissues respond to the presence of bacteria to form this highly complex light-emitting organ? Ultimately, the question can be raised in relation to a given function rather than to a particular cell type. For example, light emission (no matter how achieved) and light reception could be coupled from the outset. We know that autogenic light organs are involved in ventral counter-illumination much the same way as the bacteriogenic light organs (Young 1977) . A structural contrast between these two light emitting organs is the integumental in situ differentiation in autogenic light organs (Chun 1903) versus an integumental ex situ differentiation (by invagination of host tissue) in bacteriogenic light organs. The morphogenetic process involved in this ex situ differentiation is reminiscent of the formation of extraocular photoreceptors, some of which appear to be coadapted to visceral light organs (Young 1977) . Perhaps the question of incipient photogenic function in an ancestral form can be addressed in such a context of functional coadaptation. In particular, the photoreceptors described by Young (1977) and nuchal organs (Sundermann 1990; Parry 2000) provide some hints. Ultimately, these results point to the epistellar bodies of octopods, which are undeniable photoreceptors; however, these are not formed by invagination and hence remain superficial inside the mantle cavity (Nishioka et al. 1962) . Recruitment of proteins that comprise the cephalopod eye lens may also be closely involved in the development of the light organ lens (Tomarev et al. 1995; Piatigorsky 1996) . How these proteins are expressed and then subsequently recruited in response to bacterial colonization remains yet to be discovered in bacteriogenic light organ cephalopods (Tomarev et al. 1997; Hartmann et al. 2003) .
Bacterial induction of light organ tissues
Invagination of surface epithelia in prospective symbiosiscompetent tissue always occurs in an axenic environment (perivitellin fluid). Given this, it seems difficult to envisage an ancestral condition in which an integumental contact with bacteria caused invagination to occur. It seems more likely that existing crypts were colonized by bacteria and subsequently became increasingly specialized to interact with them. If this occurred, plasticity in the tissues may have been maintained, as suggested by the observations of the microvilli in the crypt's epithelia . Before colonization light organ epithelial tissue has very small microvilli, and those present are shorter and stouter. Once bacteria colonize the light organ, these microvilli increase in number and become more filiform. If bacteria are removed (using an antibiotic), the microvilli return to their initial morphology . Similar phenomena are known from a number of mammalian hosts and their enterogastric symbionts (Lawrence et al. 1991) as well as leguminous plants and their root-nodule symbionts (van Rhijn and Vanderleyden 1995) . In addition, host tissues can respond to the presence of bacteria in an immunological reaction. It has been shown in previous studies that the presence of high concentrations of haloperoxidase in the light organ is correlated to high numbers of symbiotic bacteria. The amount of haloperoxidase is concentrated at the apical end of epithelial cells that line the crypts during the evening hours when the light organ is fully colonized. During the daytime after squids vent 90-95% of their bacteria, haloperoxidase levels decrease and the enzyme is located at the basal end of the epithelial cells (Tomarev et al. 1993; Weis et al. 1996; Small and McFallNgai 1998) . This spatial and temporal control of squid haloperoxidase has two consequences: (a) It is very similar to a large number of invertebrate immunological systems that use antimicrobial agents to prevent infection by undesirable bacteria and (b) it allows only certain types of bacteria to colonize the light organ (i.e., symbionts that produce high levels of catalase; Visick and Ruby 1998) . In many cases, invertebrate immunological systems have been coadapted such that they not only prevent invasion and infection from a large variety of pathogens, but they have also been integrated into very specific associations with a particular partner/ symbiont (Ruby 1999) . More detailed analyses of the phylogenetic origin of bacteria isolated from symbiotic light organs have demonstrated the multiple radiation of a number of mutualistic and pathogenic strains of Vibrio (Nishiguchi and Nair in press). Phylogenetic relationships between bacteria that are benign or cause disease-related infections may be important for investigating origins of specialized bacterial-containing organs such as the ANG and light organ complex that enable animals to house bacteria without having the onset of disease or tissue necrosis.
Phylogenetic implications and future studies
Our phylogenetic investigations imply a distant relationship between the Sepiolidae and Sepiadariidae (Fig. 3) . By the same token, Chtenopteryx and the Loliginidae are removed from such a relationship. At this point, it is premature to speculate about the evolution of light organs in all cephalopods. Answering such questions will require a much denser taxon sampling outside of the Sepiolidae (Idiosepidae, Loliginidae), and addition of phylogenetic markers that evolve at slower rates to recover deeper divergences. Additionally, inclusion of other light organ containing genera (Family Loliginidae: Uroteuthis, Photololigo, and Loliolus) will perhaps give us a better perspective on the evolution of bacteriogenic light organs in other cephalopod families. Comparative morphological evidence from various states of squids with (Sepiola and Euprymna) or without (Rossia and Sepietta) light organs and those with intermediate light organs (Rondeletiola, Sepiolina, Semirossia, Heteroteuthis, and Stoloteuthis) will provide more support of a common origin of this interesting complex. 
